Background: The anti-interleukin-6 receptor-alpha antibody tocilizumab was approved for intravenous (IV) injection in the treatment of patients with systemic juvenile idiopathic arthritis (sJIA) aged 2 to 17 years based on results of a randomized controlled phase 3 trial. Tocilizumab treatment in systemic juvenile idiopathic arthritis (sJIA) patients younger than 2 was investigated in this open-label phase 1 trial and compared with data from the previous trial in patients aged 2 to 17 years.
Background
Systemic juvenile idiopathic arthritis (sJIA) has historically been the most severe and difficult to treat form of childhood arthritis, and treatment options were limited in the past [1, 2] . Approximately 5 to 15% of children with chronic arthritis in North America and Europe have sJIA, which is distinct from other categories of juvenile idiopathic arthritis (JIA) and is characterized by chronic arthritis with systemic manifestations and increased inflammatory markers [2] [3] [4] [5] . Greater understanding of the biology of sJIA has led to improvements in outcomes for patients with sJIA resulting from the development of cytokine-targeted therapies [4] . The inflammatory cytokine interleukin-6 (IL-6) plays a pathogenic role in sJIA [1, 6, 7] . Tocilizumab (TCZ) is a humanized anti-human IL-6 receptor-alpha (IL-6Rα) monoclonal antibody that blocks IL-6 signaling [8, 9] . TCZ is indicated for the treatment of sJIA and polyarticular JIA (in patients 2-17 years of age), rheumatoid arthritis, giant cell arteritis [9, 10] , and chimeric antigen receptor T-cell-induced cytokine release syndrome [9] .
In the phase 3 TENDER study, patients 2 to 17 years of age with active sJIA and inadequate responses to nonsteroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids were randomly assigned to receive either TCZ or placebo intravenously (IV) every 2 weeks (Q2W) double-blind for 12 weeks [1] . Patients who weighed less than 30 kg received TCZ 12 mg/kg, whereas patients who weighed ≥30 kg received TCZ 8 mg/kg. Because body weight influences exposure to TCZ, the difference in dosing regimens was necessary to provide comparable TCZ exposures for patients across the full range of body weights examined. Results demonstrated that inhibition of IL-6 with TCZ was efficacious in patients with severe, persistent, and unresponsive sJIA and that adverse events (AEs) were consistent with the known safety profile of TCZ. Results of the TENDER study formed the basis for United States Food and Drug Administration (FDA) and European Medicines Agency (EMA) approval of IV TCZ in 2011 for the treatment of patients with sJIA 2 years of age or older.
The current study was conducted to investigate TCZ treatment in patients with sJIA younger than 2 years and is the first trial to investigate a biologic therapy in children of this age with sJIA. Pharmacokinetics, safety, pharmacodynamics, and efficacy of TCZ were investigated and compared with data from patients in the TENDER trial who weighed < 30 kg and received the same TCZ dosing regimen of 12 mg/kg IV Q2W.
Patients and methods

Trial design
This trial in patients with sJIA younger than 2 years (ClinicalTrials.gov, NCT01455701) was an open-label, single-arm study with a 12-week main evaluation period and an optional extension period that lasted from week 12 until the patient reached 2 years of age or received treatment for 1 year, whichever was longer. In the previous TENDER study in patients with sJIA aged 2 to 17, patients received TCZ IV Q2W at a dose of 8 mg/kg if they weighed ≥30 kg or 12 mg/kg if they weighed < 30 kg [1] . Because it was highly likely that patients younger than 2 years would weigh < 30 kg, a TCZ dose of 12 mg/ kg IV Q2W was selected for the current study.
After a screening period of up to 3 weeks, eligible patients received a maximum of 6 doses of TCZ 12 mg/kg IV Q2W from baseline to week 10 during the main evaluation period. Final evaluations occurred at week 12. After completing the main evaluation period, patients could enter the optional extension period and continue to receive TCZ 12 mg/kg IV Q2W if it was medically warranted. Patients who did not enter the optional extension period underwent safety follow-up 4 and 8 weeks after their last TCZ infusion. Efficacy and safety results of the main evaluation period and safety results after completion of the optional extension period of this trial are reported. Results from this trial were compared with those of patients aged 2 to 17 years who weighed < 30 kg and received TCZ 12 mg/kg IV Q2W in the TENDER trial (control group).
Patients
Eligible patients were younger than 2 years, received a diagnosis of sJIA based on the International League of Associations for Rheumatology classification criteria [3] , had symptoms for ≥1 month before screening, and had uncontrolled sJIA despite treatment with glucocorticoids and NSAIDs. Patients had to have ≥2 active joints with or without fever (defined as ≥38°C) attributed to sJIA. Patients could not have had macrophage activation syndrome (MAS) within 3 months before the screening visit or previous exposure to TCZ, and they had to discontinue any biologic treatment with an appropriate washout period. The study was conducted in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice and was approved by the institutional review boards and/or ethics committees of the participating centers (Additional file 1: Appendix 1). Written informed consent to participate in the study was obtained from the patients' parents or legal guardians.
Assessments
The primary end point was characterization of pharmacokinetics during 12 weeks of TCZ treatment; comparison was made to week 12 results from patients in the control group of the TENDER study to investigate whether individual pharmacokinetic parameters in children younger than 2 years fell within the range reported for older children. The safety of TCZ in combination with stable, ongoing sJIA therapy through 12 weeks was a secondary end point. Pharmacodynamics and efficacy of TCZ for the 12-week treatment period were exploratory end points; pharmacodynamic measures were soluble IL-6R (sIL-6R) levels, C-reactive protein (CRP) levels, and erythrocyte sedimentation rate (ESR); Juvenile Arthritis Disease Activity Score-71 (JADAS-71) and systemic features (fever and rash from study diaries) were efficacy end points. Anti-TCZ antibody (ADA) and corresponding TCZ and sIL-6R concentrations at the same time points were measured in all patients to assess immunogenicity. Blood samples for ADA measurement were taken at baseline, week 12, end of study, time of withdrawal because of anaphylaxis or serious or nonserious hypersensitivity, and ≥ 6 weeks after the last TCZ dose for patients who withdrew because of anaphylaxis or hypersensitivity reactions (hypersensitivity reactions were classified as any AE reported within 24 h after initiation of the TCZ infusion with a relationship of not "unrelated" to TCZ).
Statistical analysis
Descriptive statistics were produced for this study (see Additional file 1: Appendix 2 for sample size calculation). Analyses were conducted on all patients who had ≥1 serum pharmacokinetic sample with valid TCZ concentration data. A 2-compartment pharmacokinetic model with combined first-order and Michaelis-Menten elimination that was previously developed for TCZ in pediatric patients with data from the TENDER trial was used to derive individual post hoc pharmacokinetic parameters using the "POSTHOC" option in nonlinear mixed-effects modeling (NONMEM) software. Individual post hoc pharmacokinetic parameters were subsequently used to obtain individual exposure values (maximum observed postinfusion serum concentration [C max ], concentration at the end of a dosing interval [C min ], and systemic exposure-defined as area under the serum concentration-time profile during the 2-week dosing interval [AUC 2weeks ]) at steady state by simulation. Post hoc pharmacokinetic exposure parameters were used to compute individual patient C min , C max , and AUC 2weeks at week 12. Comparisons were performed for observed TCZ trough concentrations (C trough ) and modeled data. GraphPad Prism was used to generate graphs for pharmacokinetic parameters. Efficacy (JADAS-71) analysis was performed using SAS 9.2 for tables and SAS 9.4 for graphs.
Safety was assessed for the entire study period in all enrolled patients who received ≥1 dose of study medication regardless of whether they withdrew from the study, and efficacy was assessed in all patients who received ≥1 dose of study medication and had ≥1 efficacy assessment.
Results
Patients
Eleven patients younger than 2 years were screened and enrolled from 11 centers (5 in the United States, 1 in Argentina, 5 in Europe); each center enrolled 1 patient. All patients received ≥1 dose of TCZ 12 mg/kg and were included in pharmacokinetic, safety, and efficacy analyses. Four patients withdrew from the main evaluation period because of AEs (3 because of clinically confirmed serious AEs of hypersensitivity and 1 because of an AE of thrombocytopenia). Seven patients completed the study to week 12 and entered the optional extension period, whereupon they all received ≥1 dose of 12 mg/kg TCZ IV Q2W (Fig. 1) . Two patients withdrew prematurely from TCZ treatment during the optional extension period, 1 because of an AE and 1 because of withdrawal of consent. Baseline demographics and disease characteristics of patients younger than 2 years in this study and for the control group were as expected for the different age groups and disease durations (Table 1) , though more of the patients younger than 2 years were female.
Pharmacokinetics
There was a 3.3-fold increase in observed mean C trough from week 2 through week 12 of the treatment period in patients younger than 2 years, which was consistent with that observed in the control group from the previous study (3.1-fold increase over 12 weeks in patients in the control group) (Fig. 2a) (Fig. 2b) .
Pharmacodynamics
After the administration of TCZ in patients younger than 2 years, mean [±SD] observed serum sIL-6R levels increased, consistent with increasing TCZ concentrations, and reached steady state at week 8 (Fig. 3a , Additional file 2: Fig. S1 ). Levels of sIL-6R in patients younger than 2 years (927 [±148] ng/mL) were generally comparable to those of patients in the control group (770 [204] ng/mL) (Additional file 2: Fig. S1 ). Outlier values for serum sIL-6R concentrations at week 12 were observed in 2 of 11 patients younger than 2 years (2590 ng/mL and 2720 ng/mL). At baseline, mean CRP and ESR (Fig. 3b, c) values were 251 mg/L and 59.4 mm/h, respectively, and decreased rapidly after the first dose of TCZ. By week 12, mean CRP and ESR values were within the normal range (Fig. 3b, c) . Overall, week 12 sIL-6R, CRP, and ESR values were comparable to those for the control group.
Efficacy
JADAS-71 and component values improved during the main evaluation period in patients younger than 2 years (Additional file 3: Fig. S2 ). The median JADAS-71 was 20.5 at baseline, decreased to near minimal disease activity (< 3.80) by day 57, and was at minimal disease activity (< 3.80) by day 85 (week 12). The percentage of patients with fever or rash decreased over the course of the study from baseline to week 12 ( Table 2 ). The decrease in fever and rash was rapid, with fever resolving in 70% Patients weighing < 30 kg and receiving TCZ 12 mg/kg IV Q2W were included from the study in patients 2 to 17 years of age (n = 38). AUC 2weeks : area under the concentration-time curve to 2 weeks; C max : maximum observed postinfusion serum concentration; C min : concentration at the end of a dosing interval; IV: intravenous; Q2W: every 2 weeks; SD: standard deviation; TCZ: tocilizumab; y: year Table 2) . Reductions in individual JADAS-71 components and number of joints with limitation of movement were also similar between patients younger than 2 years and the control group (Table 2) . Oral corticosteroid dose was stable, then decreased by approximately 40% from week 8 to week 12, for patients younger than 2 years (Additional file 4: Fig. S3 ), consistent with the decrease in corticosteroid dose observed in the control group [1] .
Safety
Main evaluation period
During the main evaluation period of the study, most patients younger than 2 years had ≥1 AE (10/ 11 patients; 90.9%). The nature of AEs was comparable between the age groups in both studies (Table 3) ; however, a higher percentage of patients younger than 2 years experienced AEs that led to withdrawal (3 because of clinically confirmed serious AEs of hypersensitivity and 1 because of a nonserious AE of thrombocytopenia). During the main evaluation period, 3 of 11 (27.3%) patients experienced SAEs; 2 patients reported 1 SAE each (hypersensitivity and urticaria), both of which were considered by the investigator to be related to TCZ treatment and led to study discontinuation. One patient reported 3 SAEs (hypersensitivity, hand-footand-mouth disease, and JIA flare); only hypersensitivity was considered by the investigator to be related to TCZ treatment and led to withdrawal; the other 2 SAEs occurred during the safety follow-up period. There were no other serious infections during the main evaluation period. There were 4 clinically confirmed hypersensitivity events in the main evaluation period (Table 3) . One patient experienced mild, nonserious urticaria after the day 1 TCZ infusion, and 3 patients experienced serious hypersensitivity reactions during or immediately after the day 15 TCZ infusion (2 hypersensitivity, 1 urticaria) that led to withdrawal. The 2 serious events of hypersensitivity involved multiple signs and symptoms and were associated with confounding factors: in 1 patient, an administration error of faster infusion rate occurred; in the other, a concomitant diagnosis of subclinical MAS was made (Additional file 1: Appendix 3). All 4 confirmed hypersensitivity events resolved without sequelae after treatment.
Three patients who tested negative for anti-TCZ antibodies at baseline tested positive for anti-TCZ antibodies after TCZ treatment during the main evaluation period. These patients were at the lower end of the predose TCZ exposure range at day 15 (Additional file 5: Fig. S4 ) and were withdrawn from the study because of AEs (2 hypersensitivity, 1 thrombocytopenia) on day 15 after their second TCZ infusion. These patients received only 2 doses; therefore, efficacy could not be adequately assessed. 
sIL-6R, ng/ml
Age <2 y n = 11 n = 7 n = 38 n = 33 n = 11 n = 6 n = 38 n = 36 n = 10 n = 6 n = 38
Age 2-17 y B a s e l i n e A f t e r T x B a s e l i n e A f t e r T x B a s e l i n e A f t e r T x B a s e l i n e A f t e r T x B a s e l i n e A f t e r T x B a s e l i n e A f t e r T x Throughout the course of the study (main evaluation period and optional extension period) in patients younger than 2 years, most (90.9%; 10/11) were reported to have ≥1 AE (Table 3 ). SAEs were reported by 5 of 11 patients (45.5%). Two occurred during the optional extension period: 1 patient had increased transaminase levels, considered by the investigator to be related to treatment with both TCZ and concomitant methotrexate, and was withdrawn from the optional extension period; another patient experienced MAS (reported as hemophagocytic histiocytosis), which was considered unrelated to TCZ treatment and resolved after temporary dose interruption and treatment with methylprednisone. Neither of these patients had other clinical symptoms of MAS. No serious infections were reported during the optional extension period; hence, the total number of serious infections during the total observation period was the single event of hand-foot-and-mouth disease reported in the safety follow-up after withdrawal from the main evaluation period. No clinically confirmed hypersensitivity reactions were reported in the optional extension period; therefore, during the total observation period, 4 (36.4%) clinically confirmed events were reported. During the entire study, AEs leading to dose interruption occurred in 5 of 11 patients (1 in the main evaluation period, 4 in the optional extension period) (Table 3) , primarily because of infections, neutropenia, and elevated liver enzymes, all mild or moderate in intensity. No deaths in patients younger than 2 years occurred during this study.
Discussion
Until recent years, treatment of sJIA was challenged by limited therapeutic options. However, the outcome for patients with sJIA has substantially improved since the development of cytokine antagonists. The phase 3 TEN-DER study of TCZ in patients with sJIA resulted in FDA and EMA approval of IV TCZ for the treatment of patients 2 years or older, but sJIA can be diagnosed in even younger patients. Very young patients have been shown to exhibit more severe inflammatory features and a risk for worse outcomes [11] . To allow rational interpretation of data from this study of a small population of patients with a severe disease, the focus of the research was to facilitate a comparison of key measures influencing the well-characterized efficacy of TCZ. It was anticipated that comparable results in pharmacokinetics would likely translate to comparable outcomes in pharmacodynamics, safety, and efficacy. Therefore, this open-label study investigated the pharmacokinetics, safety, pharmacodynamics, and efficacy of IV TCZ in children with sJIA younger than 2 years. The most relevant control group for comparison was the subgroup of patients from the TENDER study whose body weight was below the same cutoff (< 30 kg) and who received the same dosing regimen (12 mg/kg TCZ IV Q2W). Although body size has been identified as the key demographic factor influencing exposure to TCZ [12] , it is possible that ontogenic factors (such as age and maturation-related factors) influence exposure to TCZ, as they do with other monoclonal antibodies [13] . Data from infants treated with monoclonal antibodies are limited; results from the current trial provide the first pharmacokinetic exposure data for a biologic in patients with sJIA in this age range. During the 12-week main evaluation period of the study in patients with sJIA younger than 2 years, the 12 mg/kg TCZ IV Q2W regimen resulted in pharmacokinetic, pharmacodynamic, and efficacy results that were consistent with week 12 results for the control group of older patients with sJIA treated with the same regimen. Although no direct evidence rules out differences in the etiology of the disease between the age groups, the data generated in this study indicate consistency in exposure and efficacy between patients younger than 2 years and the population of patients 2 years and older. All patients in the current study achieved reductions in disease activity from week 12 to baseline-measured by number of patients with fever and systemic inflammation, number of joints with limitation of movement, and JADAS-71 scores- comparable to those for older children in the control group. Results observed for pharmacodynamic parameters (sIL-6R, CRP, ESR) were comparable between patients younger than 2 years and the control group of older patients. Pharmacokinetic exposures obtained in this study in patients younger than 2 years led to the expected pharmacodynamic response in that sIL-6R builds to a plateau after repeated dosing with TCZ as it forms a complex with TCZ [14] . The safety profile for 12 mg/kg TCZ IV Q2W during 12 weeks of treatment in this study was similar between patients younger than 2 years and the control group of patients aged 2 to 17 years, except for a higher incidence of serious hypersensitivity events in patients younger than 2 years. All 3 serious hypersensitivity events occurred during or immediately after the second TCZ infusion (day 15). Two of the patients who had serious hypersensitivity events developed ADAs, detected after day 15. Another patient who was positive for ADA after day 15 did not experience any clinically confirmed hypersensitivity events. Therefore, in this small sample of 11 patients, there does not appear to be a relationship between ADA and hypersensitivity reactions, but such a relationship cannot be definitively ruled out because of the small sample size.
Safety results from the optional extension period of this study in sJIA patients younger than 2 years were generally consistent with those of the main evaluation period, and no additional safety signals were identified other than the higher incidence of serious hypersensitivity in the main evaluation period. During the course of the study, most AEs were mild or moderate in intensity, and the types of AEs observed were consistent with the known safety profile of TCZ for sJIA. During the optional extension period, TCZ treatment was well tolerated in patients younger than 2 years, and no additional safety signals were noted. However, because of the small sample size and the confounding clinical factors for 2 of the 3 serious hypersensitivity events that occurred in the main evaluation period (faster than normal TCZ infusion rate and subclinical MAS [15] ), no definitive conclusions can be made regarding the safety of TCZ IV for patients with sJIA younger than 2 years. Other limitations of the current study of TCZ in patients with sJIA younger than 2 years include the lack of a placebo comparator and the lack of statistical comparisons.
Conclusion
In conclusion, the dosing regimen of 12 mg/kg IV TCZ Q2W provided pharmacokinetics, pharmacodynamics, and efficacy data in sJIA patients younger than 2 years comparable to those in patients 2 years of age or older. Safety was comparable except for a higher incidence of serious hypersensitivity events in the younger patients.
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